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C. elegans Rb, NuRD, and Ras regulate lin-39-mediated cell fusion
during vulval fate specification
Zhe Chen and Min Han
The tumor suppressor Rb and the NuRD process of vulval fate specification for these Pn.ps can be
conceptually divided into two major sequential steps, and(nucleosome remodeling and histone
a Hox gene-mediated cell fusion process plays an impor-deacetylation) complex have been implicated in
tant role in regulating the responsiveness of Pn.ps to thetranscriptional repression during cell cycle
vulva-inductive signal (Figure 1). During the first step ofprogression and cell fate specification [1, 2]. The
vulval fate specification that occurs in the first and secondRb/E2F complex physically interacts with and thus
larval stages (L1 and L2), six of the Pn.ps, P3.p–P8.p, arerecruits the NuRD complex to actively repress
rendered competent to acquire the vulval fate, at leasttranscription [3–7]. Caenorhabditis elegans
partly, by remaining unfused with the surrounding hypo-counterparts of Rb, E2F/DP, and some NuRD
dermal syncytium, hyp7. The other Pn.ps fuse to thecomplex components appear to function in a
hypodermis and can no longer become a vulval cell (Fig-common class B synthetic Multivulva (synMuv)
ure 1a). The fusion pattern of P(3–8).p, referred to as thepathway to antagonize RTK/Ras signaling during
vulval precursor cells (VPCs), is regulated by the lin-39vulval fate specification [8–11]. Therefore, it has
Hox gene, which is present in these six Pn.ps and isbeen suggested that they function together in a
required for blocking their fusion to hyp7 [12, 13]. Duringsingle complex to repress vulva-specific gene
the second step of vulval fate specification (termed vulvaltranscription [8, 9, 11]. However, little is known
induction) that occurs in the third larval stage (L3), threeabout the in vivo interactions between these class
out of the six VPCs (P5.p–P7.p) adopt the vulval fate andB synMuv genes and their relationships with other
undergo a series of cell divisions, whereas the remainingpathways in specific cellular processes during vulval
three fuse with hyp7 (Figure 1b). lin-39 function is alsodevelopment. We show that C. elegans Rb/E2F
essential during vulval induction to prevent cell fusionand NuRD complexes antagonize Ras activity by
and to maintain the competence of the VPCs for express-controlling a lin-39 Hox-mediated cell fusion event
ing the vulval fate [14, 15]. The RTK/Ras pathway isthat regulates the competence of vulval cells.
known to be activated in P(5–7).p during L3 by a LIN-3Interestingly, Rb/E2F and NuRD complexes exhibit
EGF signal secreted by the neighboring anchor cell invery different genetic properties. While the NuRD
the gonad, leading to the induction of the vulval fate incomplex negatively regulates lin-39 Hox activity,
these three VPCs (see [16] for a review). The two classeslikely by downregulating its expression, RB/E2F
of synMuv genes, class A and class B, are thought to func-appears to play dual roles in regulating lin-39: a
tion redundantly to repress the vulval fate in VPCs. Singlenegative role in controlling its activity and a
loss-of-function mutations in either class do not causepreviously uncharacterized positive role in
any obvious vulval phenotype, whereas the combinationregulating its expression.
between a class A and a class B mutation leads to a
Multivulva (Muv) phenotype, which results from extraAddress: Howard Hughes Medical Institute, Department of Molecular,
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reporter ([19]; see the Supplementary material avail-
able with this article online), we observed that, in manyCurrent Biology 2001, 11:1874–1879
class B synMuv mutants, including lin-35 Rb(n745), efl-1
0960-9822/01/$ – see front matter E2F(RNAi), lin-37(n758), lin-53 RbAp(n833), and hda-1
 2001 Elsevier Science Ltd. All rights reserved. HDAC(RNAi) ([8, 11, 17]; see the Supplementary materi-
als and methods), P3.p cells remained unfused at signifi-
cantly higher frequencies, indicating an increased level
of the competence for adopting the vulval fate in this
Results and discussion VPC (Figure 2a).
The vulval tissue in Caenorhabditis elegans hermaphrodites
is derived from a subset of ectodermal Pn.p cells. The Class A synMuv mutations, such as lin-8(n111) and lin-
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Figure 1 pathway [16], also increased the percentage of unfused
P3.p cells during L2 (Figure 2b). Partial loss-of-function
mutations in the Ras pathway components that allow the
animals to survive but disrupt vulval induction, such as
let-23 RTK(sy1) [22] and let-341 SOS(ku231) [23], were
able to suppress the effect imposed by mutations in the
class B synMuv genes (Figure 2b and data not shown).
However, these mutations did not significantly affect the
fusion of P3.p by themselves (Figure 2b). A partial loss-
of-function mutation in lin-3 EGF, e1417 [24], did not
affect the fusion by itself either. However, unlike muta-
tions in let-23 RTK and let-341 SOS, lin-3 EGF(e1417)
was unable to overcome the effect of synMuv mutations
(Figure 2b). These results indicate that, in addition to
inducing the vulval fate during the L3 stage, the RTK/
Ras pathway, but not LIN-3, functions in keeping VPCs
unfused during the early larval stages, thus sustaining
their potential for vulval induction. This LIN-3-indepen-
dent activity of the Ras pathway may account for the
difference in their abilities to suppress the synMuv pheno-The major steps and known regulators of vulval fate specification. (a)
During L1 and L2 stages, six Pn.p cells (P3.p–P8.p) that express type observed between a lin-3 EGF mutation and those
a Hox gene lin-39 remain unfused with the surrounding hypodermis in downstream Ras pathway components (see the Supple-
and are competent to adopt the vulval fate. P(1,2,9–11).p fuse to mentary material for further discussion).the hypodermis and can no longer become a vulval cell. The role of
the Ras pathway and the synMuv genes at this specific step has
not been characterized and is a subject of this study. (b) During vulval lin-39 is likely to function downstream of both synMuv
induction at the L3 stage, the RTK/Ras pathway transduces a LIN-3 genes and the RTK/Ras pathway in regulating
EGF inductive signal from the anchor cell to promote the vulval fate. the fusion of VPCs
The synMuv genes are suggested to counteract Ras activity and prevent The lin-39 Hox gene plays a requisite role in preventing
the vulval fate in the VPCs. lin-39 function is also required during cell fusion betweenP(3–8).p and hyp7 duringL1/L2 larvalvulval induction to maintain the responsiveness of the VPCs and
stages [12, 13]. We further investigated the epistatic rela-their progeny to the vulva-inductive signal. In wild-type animals, only
P(5–7).p are induced to become vulval cells, whereas the other three tionships between the synMuv genes, the RTK/Ras path-
VPCs divide once and then fuse with the hypodermis. way, and lin-39 in controlling the fusion process.We found
that the elevated competence in Pn.ps imposed by synMuv
mutations, such as lin-15AB(n765), andby let-60Ras(n1046gf)
was overridden by lin-39mutations (Table 1). These data
38(n751), did not exhibit evident effects on the fusion of indicate that lin-39 is likely to be a pivotal factor down-
P3.p (Figure 2a). Impairment of another class A gene, stream of both pathways in controlling vulval cell compe-
lin-15A, by RNAi feeding only had a slight effect on P3.p tence.
fusion. However, class A synMuv mutations were able to
synergistically enhance the competence of P3.p in the
We have also determined that synMuv genes and the Raspresence of class B mutations such that P3.p always re-
pathway function as they do in P3.p in controlling themained unfused in class A and class B double mutants,
fusion of the posterior P(9–11).p cells (see the Supple-such as lin-15AB(n765) and lin-8(n111); lin-35(n745) (Fig-
mentary results and discussion). In P(9–11).p, anotherure 2a). These results suggest that synMuv genes function
Hox gene,mab-5, was shown to function similarly to lin-39to promote cell fusion during early larval stages and there-
in regulating cell fusion [12, 13, 25]. Therefore, it is likelyfore downregulate the competence of the VPCs for vulval
that synMuv genes and the Ras pathway act antagonisti-induction; the class A genes appear to have a weaker or
cally in all the Pn.p cells in controlling cell fusion, andredundant role in carrying out this function compared to
their effects are mediated by a set of Hox genes.the class B genes.
Differential regulation of lin-39 expression by lin-35
Rb/efl-1 E2F and NuRD complexesThe RTK/Ras pathway functions to prevent
the fusion between P3.p and hyp7 To investigate the possibility that synMuv genes repress
vulval cell competence by downregulating lin-39 expres-The RTK/Ras pathway is known to be activated at the
early L3 stage by the LIN-3 EGF signal [20] to actively sion, we analyzed the vulva-specific expression of lin-39 in
synMuv mutants using an integrated lin-39::lacZ reporter,promote the vulval fate in VPCs. We found that let-60
Ras(n1046gf) and lin-1(e1275) (lin-1 encodes an ETS fam- which is weakly but consistently expressed in P5.p–P8.p
during L2 [13]. Using an anti--galactosidase antibody toily transcription factor acting negatively downstream of
mpk-1 MAPK [21]), which cause ectopic activation of the detect the fusion gene product, we scored the frequency
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Figure 2
Mutations in the synMuv genes and the RTK/
Ras pathway affect the fusion between Pn.ps
and hyp7 during L2. In wild-type
hermaphrodites, P3.p fuses with hyp7 and
consequently loses its competence for vulval
induction in about 50% of the animals,
whereas P(4–8).p always remain unfused. The
frequency of P3.p cell fusion was scored
during L2 by examining the expression of a
JAM-1::GFP reporter, which can only be
detected at the cell periphery of VPCs that
have not fused with hyp7 ([19]; see the
Supplementary material). (a) Effects of
synMuv mutations. lin-35, efl-1, lin-37, lin-53,
and hda-1 are class B synMuv genes. lin-8,
lin-38, and lin-15A are class A genes. The
lin-15AB(n765) mutation disrupts both lin-
15A and lin-15B (class B) genes. (b) Effects
of mutations in the Ras pathway components
and in LIN-3 EGF. let-60(n1046gf) and lin-
1(e1275) mutations constitutively activate the
Ras pathway. let-23 RTK(sy1), let-341
SOS(ku231), and lin-3(e1417) are partial
loss-of-function mutations. The y axis
represents the percentage of P3.p that
remained unfused. An asterisk indicates that
the p value  0.001. A double asterisk
indicates that the p value  0.05. p values
were derived from comparing data from
mutants to those from wild-type animals. See
the Supplementary material for specific
genotypes.
of each VPC being stained during the early L2 stage (see homolog of another NuRD complex component, also re-
sulted in an upregulation of lin-39 expression [28].the Supplementary materials and methods). As indicated
in Table 2, lin-39 expression was increased in lin-53
RbAp(n833) and hda-1 HDAC(RNAi) mutants, both of Surprisingly, mutations in another group of class B synMuv
genes, including lin-35 Rb(n745), efl-1 E2F(RNAi), andwhich encode homologs of components of the NuRD
complex [26, 27], suggesting that these class B genes lin-37(n758), led to a reduced level of lin-39 expression
in VPCs (Table 2). For example, 7.4% of P5.p cells havefunction to repress lin-39 expression. These results are
consistent with their role in promoting the fusion between visible lin-39::lacZ expression in lin-35 Rb(n745) versus
43.7% in wild-type animals. These results suggest thatPn.ps and hyp7. A mutation in lin-40 MTA, a C. elegans
Table 1
lin-39 mutant phenotypes suppress those of synMuv genes and of let-60 Ras.
Unfused Pn.ps %
Genotype P3.p P4.p P5.p P6.p P7.p P8.p n
lin-15AB(n765) 100 100 100 100 100 100 23
let-60 Ras(n1046gf) 97.2 100 100 100 100 100 72
lin-39(n1760) 0 0 0 0 0 0 49
lin-39(n1760); lin-15AB(n765) 0 0 0 2.2 2.2 0 46
lin-39(n1760); let-60(n1046gf) 0 0 0 0 0 0 51
lin-39(ku69) 0 11.8 73.5 88.2 26.5 11.8 34
lin-39(ku69); lin-15AB(n765) 9.1 16.4 85.5 87.3 18.2 16.4 55
lin-39(ku69); let-60(n1046gf) 24.0 26.0 96.0 90.0 34.0 28.0 50
See the legend of Figure 2 and the Supplementary material previously isolated alleles, n2110 and n2684 [12].
for methods. lin-39(ku69) bears the same lesion as two
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Table 2
synMuv genes regulate lin-39 expression.
lin-39::lacZ expression (% stained cells)
Genotype P5.p P6.p P7.p P8.p n
WT 43.7 48.1 81.0 92.4 158
class B lin-35 Rb(n745) 7.4a 40.7 85.2 77.8b 27
efl-1 E2F(RNAi) 18.6b 25.6b 62.8b 83.7 43
lin-37(n758) 7.4a 18.5a 83.3 77.8b 54
lin-53 RbAp(n833) 58.2b 80.6a 97.0b 98.5 67
hda-1 HDAC(RNAi) 64.7b 76.5b 100b 100 34
class A lin-8(n111) 42.4 54.5 81.8 93.9 33
lin-15A(RNAi) 32.4 58.8 91.2 94.1 34
Ras let-60(n1046gf) 44.6 54.1 91.9b 90.5 74
A lin-39::lacz reporter [13] was introduced into mutants by mating. expression in P3.p and P4.p was extremely weak [13], and therefore
Animals were stained with an anti--galactosidase antibody and results in these two cells were excluded from this study.
the MH27 monoclonal antibody, which recognizes an epitope in the a p value  0.001.
jam-1 gene product in cell adhesion junctions. Only animals that b p value  0.05.
had positive MH27 antibody staining in VPCs and had at least one p values were derived from comparing data from mutants to those
VPC stained with anti--galactosidase were counted in the from wild-type animals in a chi-squared test.
experiment (see the Supplementary material). lin-39::lacZ
the function of this group of class B genes is required for fore, the positive role of lin-35 Rb and efl-1 E2F on lin-
39 expression observed in Table 2 may reflect an effectupregulating or maintaining lin-39 expression.
of these genes on vulval fate specification that is distinct
from the negative synMuv effect (Figure 3). To test thisTwo class A synMuv mutations, lin-8(n111) and lin-15A
(RNAi), did not significantly affect the expression of the possibility, we examined the overall level of vulval induc-
tion in double mutants between these class B mutationslin-39::lacZ transgene (Table 2). Consistent with a previ-
ous observation that the RTK/Ras pathway upregulates and let-60 Ras(n1046gf) [33, 34]. The let-60 mutation in-
creases vulval induction in P3.p, P4.p, and P8.p to variantlin-39 expression during vulval induction [15], we found
that the let-60 Ras(n1046gf) gain-of-function mutation also levels above the normal 0% and therefore allowed us
to test if the synMuv mutations could change the vulvalslightly enhanced the expression level of lin-39 during
early L2 (Table 2). induction level in these cells in either of the two direc-
tions, up- or downregulation (Table 3). In this experiment,
we scored the frequency of each VPC adopting the vulvalThe findings that both synMuv and Ras pathways are
involved in regulating the lin-39-mediated Pn.p cell fusion fate during the fourth larval stage (L4), when the vulval
induction process and vulval cell divisions are complete.event (Figure 2) and that both pathways control lin-39
expression (Table 2) indicate a specific developmental Consistent with our hypothesis (Figure 3), we observed
two different effects on vulval induction associated withevent in which these two regulatory pathways interface.
In addition, a recent study by Page et al. revealed that the two groups of class B mutations (Table 3). lin-53
RbAp(n833) and hda-1 HDAC(RNAi) mutations, whichmutations in efl-1 E2F and dpl-1 DP caused an elevated
level of MAPK activity [29], which raised the possibility caused an elevated level in both lin-39 expression and
the competence of P3.p, led to an increased level of vulvalthat at least some members of the synMuv pathway coun-
teract the Ras pathway by another unknown mechanism induction duringL4. In contrast, mutations in lin-35(n745)
and efl-1(RNAi), which resulted in a decrease in lin-39that might be independent of lin-39. Previously, it has
been shown that lin-39 expression is also regulated by a expression but still an elevated level of cell competence
in L2, did not cause significant changes in the vulvalWnt-signaling pathway, by LIN-39 itself, and by a zinc-
finger containing transcription factor SEM-4 during vulval induction level in most VPCs (Table 3). In a few VPCs,
a slightly decreased level of vulval induction was observedfate specification [15, 30–32]. Further studies are there-
fore needed to understand how the activities of the synMuv (Table 3). Class A synMuv mutations, such as lin-8(n111)
and lin-15A(n433), which did not appear to have any signif-genes, the Ras pathway, the Wnt pathway, and other
factors are integrated in regulating lin-39 expression. icant effects on lin-39 expression or VPC competence by
themselves during L2, led to an elevated level of vulval
induction in the let-60(n1046gf) mutant background in L4lin-35 Rb/efl-1 E2F and NuRD complexes have different
effects on vulval induction in an activated (Table 3).
Ras mutant background
Previous studies have shown that lin-39 expression corre-
lates with the level of vulval fate specification [15]. There- These results indicate that the lin-35 Rb group of class
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Figure 3 tion of lin-35 Rb to lin-39 expression might be less pre-
dominant than its repression on LIN-39-related activity.
Thus, the overall cell competence at this stage would be
increased in a lin-35 mutant, which is consistent with our
observation of a decrease in Pn.p cell fusion during L2
(Figure 3a). Later during vulval induction at the L3 stage,
when lin-39 is expressed and possibly required at a higher
level [15], the positive regulation of lin-39 expression by
lin-35 could become as prominent as the negative effect
of lin-35 in controlling LIN-39 activity. As a result, a lin-
35 mutation may cause an intermediate level of vulval
induction. Consistent with this model, we did not observe
an increase of vulval induction in lin-35; let-60(n1046)
animals at the L4 stage as compared to let-60(n1046) single
mutants (Table 3). Overall, these observations suggest
that the dual roles of lin-35/efl-1 in regulating lin-39 or
lin-39-related activity that we observed during the L2
stage also apply during the later step of vulval fate specifi-
cation.
The differential regulation of lin-39 by different class B
genes implies that, although these genes cause a common
phenotype (Muv in the presence of a class A mutation),
they may function in different regulatory mechanisms. At
the level of regulating lin-39 expression, the Rb and E2FA model for how synMuv genes and the RTK/Ras pathway regulate
a lin-39-mediated cell fusion event during the early stage of vulval fate homologs in C. elegans may not act collaboratively with
specification. (a) At the level of regulating lin-39 expression, the NuRD complex. However, this situation does not
components of the NuRD complex have an inhibitory function, whereas
exclude the possibility that these two complexes do func-Rb/E2F are required for normal lin-39 expression. Therefore, these
tion together in a single transcriptional repressor complextwo complexes do not act collaboratively in regulating lin-39
transcription, and Rb/E2F plays an unexpected positive role in this to inhibit the activity of the LIN-39 protein or other
process. The RTK/Ras pathway positively regulates lin-39 factors involved in specifying the vulval fate.
expression, as suggested by a previous study [15] and our results.
(b) At the level of regulating lin-39 activity, both Rb/E2F and NuRD
Supplementary materialcomplexes play an opposite role than that of lin-39 and therefore
Supplementary information containing additional Results and discus-repress the competence of the VPCs. The RTK/Ras pathway
sions, Materials and methods, and figures is available at http://images.counteracts the synMuv genes by preventing cell fusion and by
cellpress.com/supmat/supmatin.htm.positively regulating the potential of the VPCs for vulval induction.
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during vulval fate specification, which is LIN-3 independent. We believe Acknowledgements
that such regulatory relationships among these genes also apply during We thank J. Simske and J. Harding for providing the jam-1::gfp construct,
the later stage of vulval fate specification (see Table 3 and C. Kenyon for the lin-39::lacZ-integrated strain, D. Fay for RNAi constructs,
and the C. elegans Genetic Center (University of Minnesota) for some strainsdiscussions in the text). In addition to the activities depicted in this
used in this work. We also thank D. Starr, W. Johnson, D. Fay, C. Byars,model, during the later stage of vulval fate specification, the LIN-3
and W. Wood for critically reading the manuscript. This work was supportedEGF-induced activity of the Ras pathway also positively regulates vulval
by a RO1 grant from the National Institutes of Health (GM47869) to M.H.,induction, while synMuv genes may repress vulval induction through
who is an Assistant Investigator of the HHMI.an additional lin-39-independent mechanism.
References
1. Harbour JW, Dean DC: The Rb/E2F pathway: expanding roles
and emerging paradigms. Genes Dev 2000, 14:2393-2409.
2. Ahringer J: NuRD and SIN3 histone deacetylase complexes inB synMuv genes regulates the lin-39-mediated vulval fate
development. Trends Genet 2000, 16:351-356.specification process at a minimum of two different levels. 3. Huang S, Lee WH, Lee EY: A cellular protein that competes
Thepositive role is likely to be carried out by upregulating with SV40 T antigen for binding to the retinoblastoma gene
product. Nature 1991, 350:160-162.or maintaining lin-39 expression, and the negative role
4. Qian YW, Wang YC, Hollingsworth RE, Jones D, Ling N, Lee EY: Amight be executed by repressing the function of the LIN- retinoblastoma-binding protein related to a negative
regulator of Ras in yeast. Nature 1993, 364:648-652.39 protein or other genes required for maintaining the
5. Brehm A, Miska EA, McCance DJ, Reid JL, Bannister AJ, Kouzaridescompetence of the VPCs. The balance between these
T: Retinoblastoma protein recruits histone deacetylase to
two levels of regulation would determine the final effect repress transcription. Nature 1998, 391:597-601.
6. Luo RX, Postigo AA, Dean DC: Rb interacts with histonecaused by a single mutation in these genes. For example,
deacetylase to repress transcription. Cell 1998, 92:463-473.during the early L1/L2 stages, when only a low level of 7. Magnaghi-Jaulin L, Groisman R, Naguibneva I, Robin P, Lorain S, Le
Villain JP, et al.: Retinoblastoma protein repressesLIN-39 is present and required [15], the positive contribu-
Brief Communication 1879
Table 3
synMuv genes affect vulval induction.
Induction %
Genotype P3.p P4.p P5.p P6.p P7.p P8.p n
WT 0 0 100 100 100 0 23
lin35 Rb(n745) 0 0 100 100 100 0 27
lin-53 RbAp(n833) 0 0 100 100 100 0 20
lin-8(n111) 0 0 100 100 100 0 26
let-60 Ras(n1046gf) 46.9 46.3 100 100 100 27.8 81
class B lin-35(n745); let-60(n1046) 22.6b 34.7 100 100 100 21.0 62
efl-1(RNAi); let-60(n1046) 35.0 43.8 100 100 100 28.8 40
lin-53(n833); let-60(n1046) 92.0a 92.0a 100 100 100 62.0b 25
hda-1(RNAi); let-60(n1046) 77.8b 79.6b 100 100 100 66.7a 27
class A lin-8(n111); let-60(n1046) 61.5 73.8b 100 100 100 50.0b 61
lin-15A(n433); let-60(n1046) 77.8b 72.2b 100 100 100 53.7b 27
The vulval induction level was scored using DIC Nomarski optics as b p value  0.05.
previously described [34]. For actual genotypes of synMuv p values were derived from comparing data from let-60(n1046) to
mutations, see the Supplementary materials and methods. those from synMuv; let-60 double mutants.
a p value  0.001.
transcription by recruiting a histone deacetylase. Nature 1998, 23. Chang C, Hopper NA, Sternberg PW: Caenorhabditis elegans
SOS-1 is necessary for multiple RAS-mediated391:601-605.
8. Lu X, Horvitz HR: lin-35 and lin-53, two genes that antagonize developmental signals. EMBO J 2000, 19:3283-3294.
24. Ferguson EL, Sternberg PW, Horvitz HR: A genetic pathway fora C. elegans Ras pathway, encode proteins similar to Rb
and its binding protein RbAp48. Cell 1998, 95:981-991. the specification of the vulval cell lineages of
Caenorhabditis elegans. Nature 1987, 326:259-267.9. Solari F, Ahringer J: NURD-complex genes antagonize Ras-
induced vulval development in Caenorhabditis elegans. 25. Kenyon C: A gene involved in the development of the posterior
body region of C. elegans. Cell 1986, 46:477-487.Curr Biol 2000, 10:223-226.
10. von Zelewsky T, Palladino F, Brunschwig K, Tobler H, Hajnal A, Muller 26. Xue Y, Wong J, Moreno GT, Young MK, Cote J, Wang W: NURD,
a novel complex with both ATP-dependent chromatin-F: The C. elegans Mi-2 chromatin-remodelling proteins function
in vulval cell fate determination. Development 2000, 127:5277- remodeling and histone deacetylase activities. Mol Cell 1998,
2:851-861.5284.
11. Ceol CJ, Horvitz HR: dpl-1 DP and efl-1 E2F Act with lin-35 Rb 27. Zhang Y, Ng HH, Erdjument-Bromage H, Tempst P, Bird A, Reinberg
D: Analysis of the NuRD subunits reveals a histoneto antagonize Ras signaling in C. elegans vulval
development. Mol Cell 2001, 7:461-473. deacetylase core complex and a connection with DNA
methylation. Genes Dev 1999, 13:1924-1935.12. Clark SG, Chisholm AD, Horvitz HR: Control of cell fates in the
central body region of C. elegans by the homeobox gene 28. Chen Z, Han M: Role of C. elegans lin-40 MTA in vulval fate
specification and morphogenesis. Development 2001, inlin-39. Cell 1993, 74:43-55.
13. Wang BB, Muller-Immergluck MM, Austin J, Robinson NT, Chisholm press.
29. Page BD, Guedes S, Waring D, Priess JR: The C. elegans E2F-A, Kenyon C: A homeotic gene cluster patterns the
anteroposterior body axis of C. elegans. Cell 1993, 74:29-42. and DP-related proteins are required for embryonic
asymmetry and negatively regulate Ras/MAPK signaling. Mol14. Clandinin TR, Katz WS, Sternberg PW: Caenorhabditis elegans
HOM-C genes regulate the response of vulval precursor Cell 2001, 7:451-460.
30. Eisenmann DM, Maloof JN, Simske JS, Kenyon C, Kim SK: The beta-cells to inductive signal. Dev Biol 1997, 182:150-161.
15. Maloof JN, Kenyon C: The Hox gene lin-39 is required during catenin homolog BAR-1 and LET-60 Ras coordinately
regulate the Hox gene lin-39 during Caenorhabditis elegansC. elegans vulval induction to select the outcome of Ras
signaling. Development 1998, 125:181-190. vulval development. Development 1998, 125:3667-3680.
31. Hoier EF, Mohler WA, Kim SK, Hajnal A: The Caenorhabditis16. Sternberg PW, Han M: Genetics of RAS signaling in C. elegans.
Trends Genet 1998, 14:466-472. elegans APC-related gene apr-1 is required for epithelial
cell migration and Hox gene expression. Genes Dev 2000,17. Ferguson EL, Horvitz HR: The multivulva phenotype of certain
Caenorhabditis elegans mutants results from defects in 14:874-886.
32. Grant K, Hanna-Rose W, Han M: sem-4 promotes vulval cell-two functionally redundant pathways. Genetics 1989, 123:109-
121. fate determination in Caenorhabditis elegans through
regulation of lin-39 Hox. Dev Biol 2000, 224:496-506.18. Fay DS, Han M: The synthetic multivulval genes of C. elegans:
functional redundancy, Ras-antagonism, and cell fate 33. Beitel GJ, Clark SG, Horvitz HR: Caenorhabditis elegans ras
gene let-60 acts as a switch in the pathway of vulvaldetermination. Genesis 2000, 26:279-284.
19. Mohler WA, Simske JS, Williams-Masson EM, Hardin JD, White JG: induction. Nature 1990, 348:503-509.
34. Han M, Aroian RV, Sternberg PW: The let-60 locus controls theDynamics and ultrastructure of developmental cell fusions
in the Caenorhabditis elegans hypodermis. Curr Biol 1998, switch between vulval and nonvulval cell fates in
Caenorhabditis elegans. Genetics 1990, 126:899-913.8:1087-1090.
20. Hill RJ, Sternberg PW: The gene lin-3 encodes an inductive
signal for vulval development in C. elegans. Nature 1992,
358:470-476.
21. Beitel GJ, Tuck S, Greenwald I, Horvitz HR: The Caenorhabditis
elegans gene lin-1 encodes an ETS-domain protein and
defines a branch of the vulval induction pathway. Genes Dev
1995, 9:3149-3162.
22. Aroian RV, Lesa GM, Sternberg PW: Mutations in the
Caenorhabditis elegans let-23 EGFR-like gene define elements
important for cell-type specificity and function. EMBO J 1994,
13:360-366.
